The effect of mixing of the hole subbands on the magnetooptical interband transitions in quantum wells is investigated in a six-band envelope-function approach. Our results compare favorably with magnetooptical experiments on GaAs quantum wells and help considerably in their understanding. In particular, the explicit evaluation of the transition strengths is necessary in order to explain the experimental findings: The relaxation of the usual selection rules for optical transitions due to the strong mixing between the hole subbands has a remarkable effect on the observed absorption spectra and is well accounted for by our calculation. Excitonic effects due to the electron-hole Coulomb interaction are included in a simplified manner. A higher band-edge electron mass is needed in order to fit the experimental data; we believe that this is an indication that nonparabolicity effects are stronger than usually assumed.
I. INTRODUCTION The recent improvement in epitaxial growth techniques has made it possible to realize high-quality semiconductor heterostructures.
The dispersion of the hole subbands in these structures is rather interesting because the degeneracy of the bulk valence bands and the effect of the confinement in the one-dimensional superlattice (SL) potential combine to produce strong nonparabolicities. ' At the same time the confinement energy of the electrons in the conduction band enhances the effect of band nonparabolicity with respect to the bulk.
Many of the most revealing experiments on semiconductor heterostructures are performed in an external magnetic field: in a two dimensional (2D) system of electrons or holes in an isolated quantum well (QW) or in the binding potential at the interface of a doped heterojunction, a perpendicular magnetic field quantizes both available degrees of freedom, producing an entirely discrete spectrum and thus leading to an enrichment of optical structures. ' Magnetooptical experiments on these systems have revealed in the observed spectra complex features that cannot be accounted for by simple models of quantum confinement.
More detailed band-structure calculations are necessary in order to explain the observed spectra:
However, the strong nonlinear behavior of the Landau levels and the relaxation of the usual selection rules for optical transitions resulting from the coupling between heavy-hole (HH) and light-hole (LH) ' we are able to reproduce many details of the observed spectra; in Sec. VI some concluding remarks are given.
II. THEORY
The method of calculation, based on a six-band envelope-function approach, is described in detail elseere Assuming a full k. p coupling between a twofold s-like conduction band and the upper ( J =- ', ) Table I . ' Linear interpolation is used for Al"Ga& "As. The most remarkable feature of the calculated hole LL displayed in Fig. 1 The Landau levels for the conduction subbands shown in Fig. 1 where E(n, B,k, }: co, *(n+ -, '- + y~& P"' IpIF'"&fi, J, (6) e being a unit vector in the direction of the electric field of the incident radiation. We use here the compact notation (u, .
The first term on the right-hand side of (6} gives the allowed interband transition matrix elements. ' The second term, which gives the strength of the intraband transitions analogous to those observed in cyclotron reso- Fig. 1(a) A similar analysis (see Fig. 6 ) is performed on the 3 HH2( $ )~4 CB1( f ) transition, which is parity forbidden at 8 =0 [the corresponding line is identified with a square in Fig. 4(a) Fig. 6 ). At fields higher than 8 T, a "forbidden" HH 1 component is picked up, making the intensity vanish again. In Fig. 7 , the calculated intensities versus magnetic field for the same two transitions of Fig. 5 T because of a strong mixing with a third "forbidden"
We compare the outcome of our calculation with the experimental data by using band structure parameters that correctly reproduce the bulk data and proceed as follows.
We corrected our results for excitonic effects, in the same way as done in Ref. 3 . The structure of the magnetooptical spectra in GaAs QW's has been interpreted by several authors ' ' in terms of transitions between freecarrier Landau levels, of which only the lowest is affected by excitonic effects. This is known, however, not tp be Ea =3%*D,
, n'=0, 1,2, . . . . (10) In (11) It must be remarked that the expression (10) is derived in the case of simple parabolic bands and thus should not be taken too seriously in the present context, whereas a realistic calculation of exciton binding energies in quantum wells should include at the beginning the coupling between heavy and light holes.
We then identify the transitions in Figs. 4(a) and 4(b) with the corresponding ones in the experimental results: this comparison shows that we could assign every experimental transition to a calculated one, but that consistently all theoretical ones were too steep, clearly indicating a too-small electron mass. We found that an increase of the electron effective mass at the band edge by -11% is necessary to give the correct slopes of the transition lines.
The results of our calculation are reported in Figs. 8(a) and 8(b} (excitonic corrections included) together with the observed spectra, for B~6 T. Although the transitions have the right slope, few of them have absolute energy slightly different from the observed ones (typically deviations of 2 -5 meV are encountered). However the strongest lines, originating from the HH1-CB1 edge, come out at the right energy and with the right slope.
We note that the effect of the exciton character of the transitions is essential in obtaining not only the right energy, but also the right slope for the transitions corresponding to the lowest three exciton states. Fig. 1(a) ].
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In (B3) we define the creation (a+) and annihilation (a) operators' as a*=(c/2eB)'i (k"+ik ), respectively.
APPENDIX B
M"""' =(c/eB)' ' (EF E, )e+ -g (F"' i a+~F "' ),
The second term in (6) can be rewritten in the following form:
M"' "' = g (F"' i P e~F"' ) =mo g (F"' i (v e),~F "', ) (Bl) [see (7) for the notation]. Here, instead of the firstprinciples scalar interaction p e, the matrix interaction term mov e has been used; the velocity operator v is defined in terms of the Hamiltonian (la) as (B2) and is also a 6)& 6 matrix acting on the envelope functions E, , EF being the energies of the initial and final levels.
From the definition (2) and from the orthogonality of the oscillator states with different index n, one derives immediately the selection rule hn =+1, where the + ( -) sign holds for left (right) circularly polarized light. We underline the fact that the above selection rule pertains to the axial model only: If one uses the exact Hamiltonian
